The observation that the age-specific incidence curve of many carcinomas is approximately linear on a double logarithmic plot has led to much speculation regarding the number and nature of the critical events involved in carcinogenesis. By a consideration of colorectal and pancreatic cancers in the Surveillance Epidemiology and End Results (SEER) registry we show that the log-log model provides a poor description of the data, and that a much better description is provided by a multistage model that predicts two basic phases in the age-specific incidence curves, a first exponential phase until the age of ≈60 followed by a linear phase after that age. These two phases in the incidence curve reflect two phases in the process of carcinogenesis. Paradoxically, the early-exponential phase reflects events between the formation (initiation) of premalignant clones in a tissue and the clinical detection of a malignant tumor, whereas the linear phase reflects events leading to initiated cells that give rise to premalignant lesions because of abrogated growth/differentiation control. This model is consistent with Knudson's idea that renewal tissue, such as the colon, is converted into growing tissue before malignant transformation. The linear phase of the age-specific incidence curve represents this conversion, which is the result of recessive inactivation of a gatekeeper gene, such as the APC gene in the colon and the CDKN2A gene in the pancreas.
T he precise shape of the age-specific incidence of various cancers, especially of nonembryonal solid tumors, and what information can be gleaned from their behavior, is still subject to scientific debate. A widely held view, put forward independently by Muller (1) and Nordling (2) and which reflects the basis of the Armitage-Doll model (3) , conceives the stepwise progression of normal cells to cancer as a multistage process involving a number of rate-limiting (epi)genetic events. When viewed at the population level, this assumption uniquely defines the mathematical shape of the age-specific incidence of a cancer, also reflecting the assumed number of rate-limiting events. Indeed, at some level of mathematical approximation (see, e.g., ref. 4) , the sequential nature of such a multistep process imposes a power-law behavior, that is, the age-specific incidence of cancers that arise as a consequence of several rate-limiting genomic alterations is predicted to increase with a power of age that is one less than the number of events necessary for malignant transformation. Although it is generally recognized that the carcinogenic process is more complicated and possibly punctuated by selection of advantageous mutations and clonal expansions (5), the qualitative power-law behavior of the age-specific cancer incidence is still considered a reasonable approximation for many cancers and continues to be invoked to argue for or against the importance of specific biological events in carcinogenesis (e.g., [6] [7] [8] [9] [10] [11] [12] [13] [14] . However, this assumption remains largely untested, mathematically and statistically, despite the availability of high-quality cancer data to explore its adequacy.
How much can be gleaned from cancer incidence data for the purpose of modeling carcinogenesis? The answer to this question clearly depends on the level of biological detail one hopes to capture. Perhaps the most challenging issue in discerning biological mechanisms from population level data is the fact that the observed incidence of a cancer can be fraught with significant secular trends due to changes in lifestyle (smoking, alcohol consumption, diet, and exercise), environmental factors, and changing screening and surveillance practices (15) . The incidence of colorectal cancer, for example, is showing a remarkable reduction following the increased adoption of colonoscopies, sigmoidoscopies, and fecal occult blood tests in the 1970s and 1980s (16, 17) , whereas increasing trends in obesity (or body mass index) may well explain increasing rates of colon cancer in younger (postwar) cohorts (18) . To disentangle the effects of age, period, and cohort on cancer incidence, a number of mathematical and computational approaches have been suggested (15, (19) (20) (21) , but are rarely invoked.
Despite these difficulties in identifying the natural course of the age-specific incidence, free of secular trends and factors, several firm predictions concerning the behavior of the age-specific incidence can be made, predictions based on mathematical analyses, sound statistical criteria, and biological plausibility. Here, we make the case that neoplastic progression that is initiated by the loss of a tumor suppressor (or "gatekeeper") gene in two rare rate-limiting events necessarily leads to a linearly increasing age-specific incidence above an age that is characteristic for the timescale of neoplastic progression, a behavior that reflects the steadily increasing risk of malignant transformations in premalignant clones whose incidence increases linearly in the target organ. This finding is in contrast with the multistage carcinogenesis model view (alluded to above), claiming a power-law (age) behavior that reflects the number of rate-limiting events in the carcinogenic process (via its power), and with the two-stage clonal expansion model, which assumes that initiation occurs after a single ratelimiting event (22) (23) (24) and does not predict a linearly increasing age-specific incidence except for very young ages.
Our finding is consistent with Knudson's two-hit oncogenesis idea, applied to the recessive formation of a slowly expanding neoplasm in a tissue normally protected from uncontrolled cell proliferation by a tumor suppressor or gatekeeper gene (25) (26) (27) . Here, by using colorectal and pancreatic cancer as examples, we show that it is exactly this early "tumor initiation" process that leads to the linear (not "log-log linear") increase of the age-specific cancer incidence above midage. Our claim is supported by molecular studies on tumor suppressor inactivation, growth rates of premalignant neoplasms, and the analyses of colorectal cancer (CRC) and pancreatic cancer (PC) incidence data described here.
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Results
Theoretical Results. Our main finding concerns the role of the first rate-limiting steps toward initiation of a premalignant lesion in carcinogenesis and their impact on the "hazard function," which is estimated by the observed cancer incidence. Here, we define the hazard function as the rate at which malignant cancers occur in individuals that have not previously developed that cancer. The premalignant lesion is understood to represent a neoplasm that undergoes persistent (and possibly very slow) clonal expansion and evolution toward malignant transformation. We will provide simple mathematical expressions, and a direct "graphical" determination based on the observed incidence curves that provide numerical estimates of the effective transit or sojourn time of (nonextinct) premalignant lesions beginning with their birth and ending in their transformation to cancer.
Our results are based on a class of multistage models that allow for the sequential accumulation of a specific number of mutations (or epigenetic events) prior to initiation of a premalignant lesion (or "preneoplasm"). The most parsimonious model, within this class, consistent with the incidence of CRC in Surveillance Epidemiology and End Results (SEER) and with what is known about the pathogenesis of microsatellite-stable CRC, is a fourstage model that posits two rare rate-limiting events and a high rate of asymmetric stem cell divisions (possibly reflecting transient amplification in a crypt) for the initiation of an adenomatous polyp (21) . This model is also consistent with molecular evidence showing that adenomas frequently show biallelic inactivation of the APC gene (function) (28) (29) (30) (31) (32) . The mathematical treatment of the model, in particular, the derivation of the (cancer) survival and hazard function, is standard and has been described previously [e.g., see Refs. 21-23, 33, and supporting information
However, the minimal (not necessarily optimal or best-fitting) model still consistent with the idea that tumor initiation requires biallelic inactivation of a tumor suppressor locus (reminiscent of Knudson's recessive oncogenesis hypothesis) (25) , is a three-stage model (see Fig. 1 ). Once initiation occurs, clonal expansion of the initiated progenitor cell may proceed until the clone undergoes a malignant transformation that gives rise to cancer. To keep this discussion simple and to avoid unnecessary mathematical arguments, we ignore the lag time between the malignant transformation event and appearance of clinically detectable cancer. This time is considered short compared with the dwell time of a premalignant lesion. For the three-stage model, then, we have the following
The SEER database does not differentiate between microsatellite-unstable (MSI) and microsatellite-stable CRCs. MSI CRCs constitute a minority (≈10-15%) of the CRCs in the population and the fact that we do not consider them explicitly in our models should not affect our conclusions.
parameters: the number of susceptible stem cells, X , the mutation rate of the first hit at the tumor suppressor locus, μ 0 , the mutation rate of the second copy of the tumor suppressor gene, μ 1 , the premalignant cell division rate, α, the cell death or differentiation rate, β, and the malignant transformation rate, μ 2 . As we show next, the behavior of the hazard function of this three-stage model, h 3 (t), exhibits four distinct phases that, in time-reversed order from older to younger ages, reveal increasingly more aspects of the carcinogenic process. However, only two of these phases can typically be observed in cancer incidence data. Mathematical details and proofs supporting our findings are given in the accompanying SI Appendix, including similar results for the four-stage model.
Asymptotic phase of the hazard function. For times much larger than (μ 1 p ∞ ) −1 , where p ∞ denotes the asymptotic probability of nonextinction of an initiated clone (which is also the probability that a clone becomes malignant), we derive the approximation
which means that asymptotically (for very large times) the hazard function approaches a constant, which is the rate at which stem cells acquire the first mutation in the tissue. However, because
human lifetime (for typical locus-specific mutation rates), this asymptotic phase will in reality never be reached, and therefore, μ 0 X cannot be identified from incidence data.
Linear phase (mid to old age). For mid to old ages, the hazard function increases linearly with age and can be approximated by
where T s denotes the mean (or effective) sojourn time of the premalignant neoplasm, that is, the mean duration from the birth of a premalignant clone to its eventual development into a malignant tumor, conditional on nonextinction. In particular (see SI Appendix),
This approximation is valid for ages t between T s and (μ 1 p ∞ ) −1 . Thus, the extrapolation of the linear phase of the hazard function across the time-age axis allows for the identification and direct estimation of the effective sojourn time of the premalignant clones (Figs. 2 and 3 ). This formula of T s is in general agreement with the result given by Herrero-Jimenez et al. (34) Polynomial and exponential phase (birth to mid age). For times t < T s , the hazard function can be approximated by
where ξ ≈ αμ 2 /(α − β) 2 . The exponential term dominates this expression for times > (α − β) −1 and the hazard rises exponentially with rate (α − β), the growth rate of premalignant neoplasms. For times much smaller than (α − β) −1 , the hazard is essentially quadratic, consistent with the Armitage and Doll approximation to the solution of a three-stage model without clonal expansion
There is clinical and experimental evidence that suggests that the growth rate of benign human neoplasms, (α −β), such as intestinal polyps, is very small, consistent with clonal doubling times of several years. However, for growth rates >0.1 per year, the quadratic (Armitage and Doll) phase occurs mainly during the first decade of life so that this phase may be difficult to discern for sporadic cancers in a population that may include susceptible individuals and individuals with heritable forms of the cancer. Tables 1 and 2 . The AICs indicate a huge improvement in fit when using the three-and four-stage models instead of the Armitage-Doll model. Fig. 2 Upper (Left and Right) shows the empirical incidence of CRC averaged across 5-year calendar year periods (1975-1979, 1980-1984, …, 2000-2004) for females (Right) and males (Left). Fig. 2 Lower (Left and Right) shows the incidence curves (normalized to 1975) after adjusting for period and cohort effects (as discussed in the Methods), together with the corresponding three-stage model hazard (thick dark line) and the linear-phase approximation (dotted line). Fig. 3 is organized the same way, but for PC. Whereas CRC shows substantial period effects (data not shown), reflecting what are believed to be changes in screening and intervention practices, PC shows little variation with period or birth cohort. However, the incidence of PC among males reveals a downward trend with increasing period, possibly reflecting the role of smoking prevalence as a risk factor for PC (35, 36) . * * Apart from these differences in secular trends, the main difference in the adjusted age-specific incidence curves between CRC and PC are the slopes of the linear phase. For the three-stage model, the slope is given approximately by μ 0 X μ 1 × (probability a premalignant clone does not go extinct). The slope for PC is only 1/5.1 of that for CRC among males, and 1/5.8 of that for CRC among females. Qualitatively, the two models * * The inferred secular trends using the three-stage model are very close to those inferred from the four-stage model and similar to those obtained by using the Armitage-Doll model. Fig. 3 . Pancreatic cancer incidence. (Upper) SEER PC incidence. (Lower) PC incidence adjusted for secular trends (using estimated calendar year and birthcohort effects from the three-stage model fit). Solid line: three-stage hazard. The slope of the linear phase of the hazard and the mean sojourn time of premalignant lesions can be determined directly from the adjusted incidence data. used for this demonstration (i.e., the three-and four-stage clonal expansion model) fit the data equally well, but for CRC the fourstage model yields a significantly better AIC (see SI Appendix, Table 1 ) and therefore is statistically superior.
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Discussion
The age-specific incidence of both CRC and PC, despite their distinct pathogenesis, show a remarkable similarity when adjusted for secular trends (see Figs. 2 and 3) . The incidence curves for both cancers essentially follow an exponential growth phase with similar growth parameters, α − β, followed by a mostly linear increase for ages >60 years. This behavior was also reported by Herrero-Jimenez et al. (34) in their analysis of CRC mortality and is expected (see Theoretical Results) for multistage carcinogenesis models that require at least two rate-limiting events prior to the clonal expansion of premalignant lesions. For CRC, the obvious precursor lesion is the adenomatous polyp. Adenomatous polyps, in colon and rectum, are considered the main precursor lesion for colorectal adenocarcinoma and are targets for cancer screening, intervention, and prevention (37, 38) . Molecular evidence also suggests that a large majority of colorectal tumors carry APC mutations or loss of heterozygosity at the APC locus, consistent with biallelic inactivation of the APC gene (function) (29, 32, 39, 40) . The situation for PC is less clear. However, ductal pancreatic atypia in the form of pancreatic intraepithelial neoplasias (PanINs) have been identified in biopsies as putative precursor lesions on the pathway to PC (41) and PanINs frequently show biallelic inactivation of the CDKN2A (p16) gene.
Our analysis of the multistage clonal expansion model shows how a stage-wise progression toward cancer, although limited here to only one stage of clonal expansion, maps onto distinct phases of the age-specific incidence (or hazard) function. These phases recapitulate the multistage process in reverse, with late-stage events having a discernible impact on the hazard function mainly early in life, clonal expansion (or promotion) mainly effecting the exponential behavior of the hazard function in midlife, whereas the early (pre)initiation events almost exclusively control the shape of the hazard function later in life. Specifically, as time goes to infinity the hazard functions associated with the models shown in Fig. 1 all approach a constant value. For k > 2, that is, for more than two stages, they all approach the asymptote μ 0 X , a limit that is unlikely to be reached in a person's lifetime for typical (locus-specific) mutation rates and values for X , the number of susceptible stem cells, in the hundred thousands or millions. For this reason the parameter μ 0 X is not estimable from incidence data. However, for ages below 1/μ 1 but larger than the sojourn time of the lesion that arises from a stem cell that has suffered the first two oncogenic events, the hazard function essentially behaves linearly. The sojourn time of this lesion, however, depends on whether further rate-limiting events are required for malignant transformation, on its net growth once initiation has taken place, and on the rate of malignant transformation (see Results).
Both the incidence of PC and CRC are well described by three-stage models that posit premalignant (neoplastic) lesions that require two rate-limiting events for their initiation. For CRC, a four-stage model that assumes an additional (nonmutational) high-frequency event fits the data somewhat better (see SI Appendix, Table 1 ). However, this additional high-frequency process only introduces a relatively short transient quadratic departure from the linear phase of the hazard function and changes little in the main behavior of the hazard function and the estimates of sojourn times. Our finding that two very different cancers, with known pathologic and pathogenetic differences, appear to share such similarity in the analytic features of their respective age-specific incidence is noteworthy. Both cancers exhibit an exponential phase that can be attributed to uniform promotion, that is, the constant slow clonal expansion of initiated (premalignant) clones. There appears to be no hint in the data that multiple expansive stages, with disparate growth rates, are involved. Strikingly, the expansion rate parameters, α − β, are very similar for these two cancers (in the range of 0.14-0.18 per year for the three-stage model, and 0.14-0.19 per year for the four-stage model; see SI Appendix, Tables 1 and 2 ). Because the sojourn time T s depends mainly on the inverse of α − β and only logarithmically on the malignant transformation rate μ k−1 (see Results), the estimates of T s are also very similar for the two cancers (SI Appendix, Table 3 ). For colon, adenoma-to-carcinoma sojourn times on the order of 10-20 years have been surmised from clinical data (42, 43) and more recently from comparative sequencing (44), but such estimates typically ignore the duration of occult growth that starts with a single initiated cell and ends with the detection of an observable (millimeter size) adenoma. Whether the similarity of the estimated sojourn times in colon and pancreas is a general feature of epithelial cancers or mere coincidence for the two particular cancers studied here remains to be seen. However, estimates of α − β in lung (45, 46) , breast (W. D. Hazelton, personal communication), and Barrett's esophagus (47) suggest that clonal expansion of the earliest epithelial neoplasms is uniformly slow, ensuing with rates not too different from those found here (between 0.1 and 0.2 per year).
What then is the main difference in the age-specific incidence of CRC and PC? A comparison of the fitted (and adjusted) agespecific incidence curves (Figs. 2 and 3 ) and the slopes of their linear phases suggests that differences in the two-step initiation process that gives rise to a slow-growing precursor lesion are the main reason. The slope of the linear phase of the hazard function (essentially μ 0 X μ 1 ) can be interpreted as the curvature in the age-specific prevalence of precursor lesions in a population (see SI Appendix). Thus, the observed difference in the incidence of the two cancers (PC and CRC) could mainly arise from a difference in X , the number of susceptible stem cells, or from a difference in the mutation rates μ 0(1) , or both. The human colon has ≈2×10 7 crypts (48), each maintained by a number of adult colonic stem cells. Nicolas et al. (49) have estimated the number of such stem cells to be between 8 and 20 cells, although their findings also allow larger numbers. Assuming equality of the first two mutational events and using the four-stage model, we estimate a mutation rate μ 0 = 0.7-1.1 × 10 −7 per year. This estimate is somewhat smaller than those given in Iwama (50) and Luebeck et al. (21) , but consistent with those estimated by Herrero-Jimenez et al. (34, 51) .
The low magnitude of our slope estimates therefore suggests that initiation is likely the sporadic (biallelic) inactivation of a gatekeeper gene such as APC for colon or CDKN2A (the gene that expresses p16INK4A) for pancreas, consistent with Knudson's two-hit oncogenesis hypothesis for tumor initiation rather than transformation. In particular, for PC, which appears more consistent with a three-stage clonal expansion model than a four-stage model (the AIC for males is only marginally better, but statistically inferior for females), initiation of a slowly expanding precursor lesion in two rare rate-limiting steps is sufficient to explain the linear behavior of its age-specific incidence above age 60.
The broad view that "multistage carcinogenesis" is merely a stepwise accumulation of specific (epi)genetic aberrations in the genome of susceptible stem cells, and the notion that this accumulation leads essentially to a log-log linear age-specific incidence function cannot be reconciled with the observed cancer incidence of two important cancers. Our analyses with the (exact) ArmitageDoll model not only provide very poor fits, but also lead to estimates of the number of rate-limiting events much higher than previously reported. For CRC we estimate 10-11 rate-limiting events, rather than the 6-7 often reported in the literature (however, see ref. 52 ). This discrepancy is likely a consequence of our using the exact solution for the Armitage-Doll hazard function rather than the aforementioned power-law approximation.
Our results also have bearing on the question whether or not genomic instability (as chromosomal instability, or CIN) is induced prior to the loss of control imposed by the gatekeeper gene (53, 54) . For the colon, our estimates of the "slope" parameters, together with estimates of stem cell numbers reported in the literature, suggest that the induction of CIN is unlikely to occur prior to the first gatekeeper mutation, but could represent the second (rare) event before the second gatekeeper allele is lost. However, under this assumption, the "fast" third event predicted by our four-stage model would translate into a gatekeeper mutation frequency (under CIN) that is ≈1 per stem cell division (parameter μ k−2 /α; SI Appendix, Table 1 ), clearly too high for a mutational event, but not too high to represent the transient amplification of mutant (gatekeeper−/−) stem cells in the colonic crypt. Similar arguments against the occurrence of early CIN can be made for pancreas, a tissue that does not have crypts and for which the cancer incidence is better described by a three-stage clonal expansion model.
The results presented here are consistent with Knudson's suggestion (26) that renewal tissue is converted into growing tissue in the first stage of carcinogenesis. Moreover, our results suggest that this conversion occurs as a result of biological events equivalent to the biallelic inactivation of tumor suppressor genes. This model predicts that inheritance of the "first hit" leads to the appearance of a large number of benign lesions in the target tissue. Indeed, a number of clinical conditions, the phakomatoses, have been associated with mutations in specific tumor suppressor genes, for example, the APC gene in FAP, NF1/2 in neurofibromatosis 1/2, and VHL in Von Hippel Landau Syndrome.
We provide evidence (by using the SEER data for CRC and PC) that the age-specific incidence increases linearly for the majority of cases above age 60-65 and that, unless the population is heterogeneous in the rates of the first two mutations or in X (e.g., see ref. 55 ), this linearity would continue to hold beyond the attainable lifespan. At least for CRC and PC, the incidence above age 60 appears vastly more consistent with a linear age-specific cancer incidence than one that assumes log-log linearity. Arguments based on the later assumption may be erroneous and should be revisited. Although log-log linearity can be rejected on statistical grounds, the number of cancer pathways, in particular, those involved in the adenoma-carcinoma sequence, and the number of obligatory (epi)genetic events associated with these pathways, are presently unknown. Recent genomic evidence, however, indicates that this number is low (44) and that the very long sojourn time of an adenoma could be punctuated by multiple (epi)genomic sweeps or clonal expansions. However, exploratory fits with at least two such expansions for CRC and PC indicate that there is no clear statistical signature in the SEER data for additional clonal expansion stages. The fits we obtained did not yield a better description of the incidence of CRC and PC. This is by no means proof that additional expansions do not exist, but it does indicate that they may occur late in precursor or tumor development, perhaps at such short timescales that they should not be considered rate-limiting.
Methods
Adjustment of the Age-Specific Incidence for Secular Trends. We have previously presented likelihood-based analyses of the incidence of CRC in the SEER registry (years 1973-1996) by using multistage models (as shown in Fig. 1) to model parametrically the effect of age, whereas secular trends, that is, period and cohort effects, were modeled nonparametrically (see ref. 21 ). In brief, for a given age a, birth cohort b, and calendar year (period) c, the age-specific incidence was estimated by I c (a) = θ c θ b h mult (a), [6] where θ c and θ b are coefficients that modify the incidence function predicted by the multistage process [h mult (a)] allowing for nonspecific period and cohort trends. Conforming with the format the SEER data are distributed, we stratify the data in age groups (0-4, 5-9, …, 80-84, 85+ years) and into 32 calendar years Tables 1 and 2. 
